.
Most of the studies which detect failures in Grassmann's laws include only color matches. It is possible that, although discrepancies exist between the nistimulus values of both the reference and matched colors, these discrepancies are contained within the differential color threshold of the reference color. This situation would be tolerable from the point of view of differential colorimetry. In the present work we have carried out experiments which detect failures of additivity, but determining the differential color threshold of the color matches. Our aim is to determine if the magnitude of the color discrepancies is contained in the corresponding threshold. On the other hand, at the CIE'93 Symposium (Yiena) questions have been debated concerning brightness-luminance discrepancies found in some metameric matches of lights and non-additivity problems encountered in Colorimetry. Thus, we feel that the proposed study will be useful because there are few works in the literature which analyze additivity failures in colorimetric prediction while taking into account the differential color threshold.
There are two important aspects of the classical experiments [15-171 which determine differential color thresholds : 1) most authors make initial isomeric matches, thereby avoiding possible failures of linearity and additivity, and 2) because, in most J. Optics (Paris), 1994, [19] .
In this article new results are shown. We have varied the experimental conditions (direct vision and 1.5" foveal fields) and extended the region of stimuli studied [19-201 to an achromatic stimulus to detect the possible additivity failures in the event that color vision mechanisms are excited in more balanced proportions. We have measured differential color thresholds for an achromatic stimulus, using three observers and different degrees of metamerism in the initial matching. For ow results we have used the C 5 1 9 3 1 standard observer, the color-matching functions of 2"-Stiles and Burch [Zl] and the C E -1931 standard observer with the modifications of Nayatani et al. 122.1. The aim was to discover whether the possible failures of additivity are contained in the differential color threshold when different color-matching functions are employed. At the same time this study includes an analysis of luminance thresholds and Abney's laws which was not carried out in the previous works [18] [19] . were illuminated with normal incidence using two identical stabilized halogen lamps S, and S , (sylvaoia FFX 500 W). A diaphragm system with adjustable apertures was coupled to the color filters, enabling the luminous flux to be controlled in all of them. The colorimeters were refrigerated to avoid temperature variations in the filter transmittance. In each of the integrating spheres, E , and E,, a mixture of both primary sets was carried out. The field was futed at 1.5' by a diaphragm D situated at the exit of the photometric cube K, from which emerged two juxtaposed beams, which constituted the color test. The exposure time was controlled by an electromechanical shutter 0 situated at the exit of the diaphragm D.
EXPERIMENTAL DEVICE
To avoid potentially small errors in estimating the filter transmittance, the device was calibrated by directly determining the spectral radiance Le, of the color stimulus produced by the experimental device at the exit of the photometric cube K. The calibration system consisted of a monochromator Jobin-Yvon with a 2 nm maximum resolution situated in the same position as the eye. The beam from sphere E , or Ez was focused into its entrance slit by means of an achromatic double-lens. Attached to the exit slit of the monochromator was a silicon photodiode EG&G (HUV-4OOOB) with good sensitivity, stability, linearity, and signal-to-noise ratio characteristics. The radiometric measurements were registered with a digital multimeter with 1 pV resolution. In the spectral measurement of the radiant flux we have taken into account the spectral responsivity of the instrument as a whole.
-

Experimental conditions and matchings
The results from these previous stages 118-191 were for stimuli with relatively high saturation. Therefore we might consider generalizing the results to less saturated stimuli, and thereby follow the rules set by the CIE for the generalization of colorimetric data 1231. For this reason we determined the differential color thresholds from metameric and isomeric matches for an achromatic stimulus, since in previous works no stimulus corresponding to this region was studied. We must bear in mind that in an achromatic stimulus the effects of the primaries are in more balanced proportions. This is an important issue when studying the average response of the visual mechanism.
We chose an achromatic reference stimulus of chromaticity coordinates (x = 0.397, y = 0.425) in the CIE-1931 diagram. The luminance was in the low photopic level (average retinal illumination of 48Td). The visual field was 1 3 , thus avoiding possible rod intrusion, although previous experiments done with photopigment bleaching during the cone plateau period 1191 have demonstrated that results conceming failures in colorimetric prediction were independent of this possible interaction. The surrounding field was dark, and each observer was adapted to darkness for a period of 10 min before beginning the experimental session.
Measurements were taken with two observers (males, 35 and 37 years of age without any kind of ammetropia) with normal color vision according to the Ishibara, Famsworth Panel 15-D tests and Pickford-Nicolson anomaloscope, and some experience in this type of experiment. For each observer four differential color thresholds were determined (one from an isomeric match and the other three from metameric matches with different degrees of metamerism [ZO] ).
To obtain different matches with different degrees of metamerism, we carried ont three metameric matches and one isomeric match for each observer. In the metameric matches (M-VI, M-VU. and M-VIII) glass color filters of wide bandwidth were placed in the reference colorimeter and interference color-filters were placed in the variable colorimeter. In the isomeric matches, identical interference colorfilters were placed in both colorimeters. Table I shows the spectral characteristics of the fdters employed in the different matches (wavelength of maximum transmission and bandwidth at 0.5 peak). Figure2 presents the triangles that determine the group of primaries employed in each match, while figure 3 shows the relative spectral ,radiance L,, of the diffeient matches for the observer L. J.
Experimental procedure and calculation of the differentia1 color thrcshold 
where xo. yo represent the chromaticity coordinates and Yo the luminance of the center of the ellipsoid. The first member of the equation is distributed as ,yz (chi-square) with three degrees of freedom. When the value is set at 7.81, the discrimination ellipsoid will contain the 95 % of the distribution.
From the above equation we can also determine the values that correspond to the maximum and minimum luminance of the discrimination ellipsoids. These values allow us to check Abney's law regulating the luminance in color matches under our experimental conditions. The principal elliptical section, which results from cutting the ellipsoid on a plane perpendicular to the luminance axis in the CE-1931 system and passing through its center, provides a measnrement of the differential chromaticity threshold for the reference stimulus. Figure 4 shows, as an example, a discrimination ellipsoid obtained with a statistical adjustment of the cloud of points in the CIE-1931 system using the method described above. In this figure we can observe the principal elliptical section that passes through its center (no. 
RESULTS
Concerning failures in chromaticity prediction
The chromaticity discrimination ellipses, which refer to the CIE-1931 standard observer, are shown for the observers L. J. and J. R. (Figs. 5(A) and (B) ).
An analysis of these figures shows significant inter and intra-individual differences in the discrimination ellipses when the degree of metamerism is changed in the initial matches. The elliptical sections are different in all the metameric matches analyzed for all the observers and for the same achromatic reference stimulus. These variations are generalized in comparison to the isomeric match. The inter-observer variability for the same color match is adequately explained in the litteratme and it is in agreement with the results of Ruddock [27] , Viknot [281, Nayatani et al. 1291 . This variability could be caused by differences in pre-retinal photopigments, eye lens and macular optical densities. Nonetheless, in the present work we are more interested in analyzing the colorimetric discrepancies that appear i n the thresholds determined for the same observer when we vary the degree of metamerism in the initial matching. In this sense, for any single observer, variations in area, orientation and semiaxes-relationships (except in the coordinates of the centers that will be discussed in great detail later) might be included among the intra-individual variations studied by Wyszecki and Fielder [17] .
Since the center of the isomeric ellipse can be considered representative of the chromaticity of the stimulus matched to the reference stimulus 1181, it is important to note for all the observers the considerable discrepancies between the chromaticity of the reference stimulus and the centers of the discrimi-nation ellipses in the case of metameric matches using the CIE-1931. These discrepancies do not occur with the isomeric match. Figure 6 shows the results obtained for the observer L. J. using the CIE color-matching functions with the modifications of Nayatani et al. [22] . while infigure 7 we show the results referred to the color- the luminance-of all the stimuli withim the error ellipsoid. In the case of the isomeric match mentioned above the stimulus luminance within the error ellipsoid with the hikhest luminance is 4.04 cd/m2 and the luminance of the stimulus with the lowest luminance is 3.95 cd/m2. In the case of the ellipsoid corresponding to the metameric match M-VII, these values are 3.64 cd/m2 and-3.30 cd/mz respectively. Because the lowest luminance of the isomeric match (3.95 cd/mz) is higher than the highest luminance of the metameric match M-VI1 (3.64 cd/m2), we can deduce that the ellipsoids do not intersect, thus revealing important failures of luminance prediction. A similar situation occurs with theobserver J. R. and the matchs M-VLI and M-VIII. These discrepancies between the error ellipsoids were. the same for the two observers when the 2"-Stiles and Burch color-matching functions and the CIE-1931 standard observer with the modifications of Nayatani were employed.
In view of these results and with the aim of generalizing them to other regions of the chromaticity diagram, we have revised the error ellipsoids obtained in our laboratory in previous works 1181. In these results we detected failures of colorimemc prediction but without having studied the luminance variable. In these experiments four differential color thresholds (three under metameric conditions) were determined for stimuli with hues : blue, purple, reddish-orange,: yellowish-green and yellow. In this case the foveal field was of 3' and maxwellian vision was used. 
ANALYSIS AND DISCUSSION
The results from determining the thresholds of an achromatic stimulus, conceming the failures of chromaticity and luminance predictions, allow us to generalize the discrepancies to the larger group of experimental conditions and to other groups of colormatching functions. From these results it can be 'observed that inter-and intra-individual variations occur but we are more interested in analyzing the intra-individual ,ones : that is, the variations of the centers of the discrimination ellipses for the same observer and the same reference stimulus when the [ZO] . in this sense we could justifiably expect that the centers of the discrimination ellipsoids might not be the same (partly because the color-matching functions of the standard observer do not perfectly fit the functions of reach real observer) ; but if the standard observer is representative (as an average value) of color matches done by real observers with normal color vision, the color coordinates corresponding to the center of the ellipsoids should be included in the differential color threshold. In this case, differential color thresholds obtained with different degrees of metamerism should intersect. However, this does not happen as may be deduced from figures 5-7 and . It must be pointed out that these results were obtained through heterochromatic brightness matches. In some experiments the brightness of one achromatic stimulus was matched with a mixture of two monochromatic stimuli. In other experiments an achromatic stimulus was matched with a mixture of a monochromatic stimulus and the same achromatic stimulus hut with half the brightness. The experimental conditions and the method by which we carried out our experiments were different, but the results are similar with regard to additivity failures of Grassmann's and Abney's laws with metameric matches.
In the analysis of the results there are several factors that we could take account as being the possible causes of the discrepancies between the predicted color matches for different metamerism degrees : a) Small errors in the measured spectral radiance of the matchings As indicated when we described the experimental device, we directly measured the spectral radiance of the stimuli at the exit of the device. An estimation of the instrumental error related to chromaticity coordinates and luminance values was x = 0.002, y = -+ 0.002 and Y = 2 0.03 cd/m2, respectively.
These values applied to the center of the discrimination ellipses (those which previously did not intersect) allow some ellipses to intersect with the isomeric ellipse but the discrepancies between the centers of the ellipses for the different metameric matches persist. This happens also when we analyze the luminance values as can deduced from tabZe 11 and III. Thus, the magnitude of the discrepancies lead us to believe that this factor is not the cause of the discrepancies.
b) Rod intrusion
Different authors have studied the influence of rods in color vision (Palmer 15-61, Trezona [lo] , Stabell and Stabell [ll] ). That our results were obtained with previous adaptation to darkness and within the low photopic level suggest the possibility of rod influence in our experiments. But this factor has been analyzed in previous experiments developed to avoid the influence of rods through the photopigment bleaching technique and in which we took the measnrements during the cone-plateau period of the long-term dark-adaptation curve [ 191. The results showed that rod intrusion can be ruled out as a possible cause of color-prediction discrepancies because with the photopigment bleaching technique, the orientation and sizes of the discrimination ellipses varied, but the discrepancies between the centers of the ellipses of the different matches persisted.
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c) Failures of the standard observer to predict an individual's additive color match
It is well established that there are differences in color matching among individuals [29-331. Thus, some failures of the standard observer are to be expected due to the inter-observer variability that has been widely studied in the literature [27-291 : but the problem is that for any given observer the magnitude of the intra-individual variations, when the degree of metamerism is changed, is very great as can deduced from the fact that the ellipses do not intersect (i.e. : see thresholds for the initial matching M-W, fig. 5A and B). Although Most results are referred to the color-matching functions of standard observers and therefore, we can analyse whether color discrepancies are included in the color tolerances obtained from differential color thresholds using a group of color p&aries with a narrow spectral bandwidth.
The cause of the discrepancies that we have found might be analyzed on the basis of the response of the color-vision mechanisms. From the results, we might expect the response from color vision mechanisms to di€fer in the following situations : i) when the match is made between stimuli of similar spectral-radiant power distribution and ii) when the match is made between a stimulus with smooth spectral radiant power distribution and a stimulus with sharp peaks in its spectral radiant power distribution. These differences are greater especially in the region of short wavelengths (see f i g . 3, metameric matches M-VI, M-VI1 and M-VIII). Figure3 indicates that the relative excitation of S cones (with maximum sensitivity to short wavelengths) is higher in the metameric match M-VII. We should point out that in this metameric match we find the greatest discrepancies, both in luminance and chromaticity, as can be deduced fromfigure 5 ( A and B ) and table 11. In this match the achromatic reference stimulus has been matched to a stimulus which has only two maxima (498 nm and 583 nm) in its speceal radiant power distribution ; this may be explained because two of the three interference filters used as primaries have their wavelengths of maximum transmission very close as can be seen in table I. In the metameric match M-VI, the excitation of tbe S cones is lower and the discrepancies found are also lower because the ellipse corresponding to the metaheric match M-VI intersect with the ellipse obtained under isomeric conditions. In the metameric match M-VIII the relative excitation of S cones with respect to the exci-tatiod of M and L cones is similar and the discrepancies found are acceptable at least for the L. J.
observer, although these are higher for the observer J. R. This behaviour ma be clearly deduced from figure 8 where +. Ax2 + Ay IS the euclidean distance (in the CIE-chromaticity diagram) between the center of the ellipsoid obtained with the isomeric match and the center of the different metameric matches ; AS is the difference between the S-cone excitation level of each metameric match and the isomeric match, this difference is normalized with respect to the S-cone excitation of the isomeric match (the S-cone excitation level has been determined taking into account the cone-excitation space proposed by Boynton [34] ). As figure8 shows. the chromaticity discrepancies obtained increase with S VII. Results are similar for both observers.
Analyzing the discrepancies found in the metameric matches with respect to the relative excitation of the opponent-chromatic channel L -2 M and the achromatic channel L + M, derived from Boynton's model [34] , find the following. First, figure 9 shows the chromaticity discrepancies between metameric and isomeric matches (following explanation in figure 8 ) with respect to L -2 M .
Here we see that an increase in the relative excitation of S-cones ( fig. 8) fields between 1.5" and 3 ' , direct or Maxwellian vision, luminance in the low photopic level and stimuli with high excitations of cones S) are of such magnitude that they exceed even the differential color threshold. We think that from the viewpoint of colorimetry a revision of color-matching functions would be useful.
